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- ABSTRACT
C.’
| Mean soundings are presenied for the kyphoan sys and storm oirculaticn.

bezéd prinsipally on dropsonde data taken by reconnaissancs airoraft £
at the 7TC0-milllbar level. The verticel distribution of tempereture and
moisture ghown by these soundings. and virual observations made in the eys,

are used zs & basis for a qualitative discussicn of the patitsrnm of vertisal
mction in the eye.

matro Jotien

The surfece texryraturs-rise accompanying the arrival of the calm center
of » tropionl oyclone ie voceszionally quite merked. OQutstanding exsmples of
this phenomenon have besn dissusesd by Deppermann (1937) and Tannehill (1943).

in recent ysars, radicsonds Iiignis made intc the sye of nurriLames from

cosstal stations in the United States {of. Slmpscn. 1947: Rishl, 1948) have
shown the eye, at upper levels. to be warmer thar the cuizide storm-airoulation,.

Recently, U, &. Air Foroe typhocu-reconnaissance asircreft have been
making routine dropsonde obssrvationt into the eyes uof typhoons. Some rspects
of eye struoture, based on tho analysis of typhoor scundings taken in the
western Pacific during 1951, will be preserted helss, Since most of the srundings

were made from miroraft flying at the 70C-mb lewvel, the dissussion iz pecsssarily
ilmited Yo the lor-level portiom of the evs,

Ocservitional material

411 aveilabie dropsonde snd sirsraft scundings mede in tre eyes and in
the storm cirsulatlions of “yphoons of the 1351 sedson have besn vsed in this
studye A total of 45 eoundings was used; nire of thess were made by She
alroraft in ascent or dsscent, Thirty-five of the souriings we:re mad> in
tyrhoon eyes, and tsn in storm cirouletions from 100 to 400 m fro= she
typheon ceatere Thé soundings wars teiosn in eight typhoons, located over a
i expanse of the wasterz P2 .ifin between 10°F and Z07%Y . 2ad 145YE e
llgg;. There were sourdings made in every mentk I. .k wuly %o December, The
eentrel preszure of ths Lyphoons tanged {from U0 to 906 mb,

There is li%tle shauss tnat any cf the sys soundixngs left chs oy vsfore
resching the surface; The flight level waz usually near 790 mb, &and in all
sanss the eve dismister waz in excess of 10 mi at the tims of the dropsonde
sbosrvetion. These typhoons moved thros miles, a% the most, during the taa
misute. or less itaken by the dropssuds descent,

Pham mode—— = ~

The imstramscts’ dzfl.zeliires invelved im waking both the dropsonde and
roraft observaticns ars gresu. Errors are undoubtedly freguent. Consequently,
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for the most part, tne deta hiv: boen ocmbined into mesn soundings. The
significence of the comrosite soundings is not nearly eo dependent upon the
scouragy of the meagurements, provided the errors are randome.

iv ans besz possidle t: awke qualitative oheoks on the relisoility of
the repo:ted temperatures and the resuliing lapce-rates. inese lnolude the
ielgtively ocastant temperature of the ocean, the well-known moist-adisbutio
lapse rate iu the rsin.arss of the storm whioh extencs upward from the oloud
bares, end the dryadiabatlic jeénea rate inr the sud-cloud layer. The only oheox
for the WmoOisture wus tre relation between the magrnitude of the tempasratuirre-
dow-point diffesrence and the degrse of stability ususlly observed in the
presence of vortical amotion, i.0., saturation with mist-adiadatioc Japse rates
and large dew-point spreads with great stadility, On the baris of thess
ehesks it appesrs that (o) there wers no systematioc errors in the temperature
neasurement of the dropsonde, (b) there were small systematic errors in the
tenperature measurement made by the airoraft, and (o) there was some evidenoe
that aystesiatio errors may have teen present ir. the dew-point measurenent,
partiedlariy iz thoee measured by the aireraft.

The sireraft tempersturgs zsasured in the atorm oirculation, i.e., oute
side the eye, sppecar to be too low, This was apparent on s large proportion
¢f the soundings, zince the uppermost ohsarvation in the dropsonde report--
nade at the flight level by the airsraft instrumenti--introduced an appreciable
shange in the lapses rate. These low temperatures reported by the ajiroraft
in the storm olreuiation may havs reaulted from the large smounts of liguid
water whioh eare undoudteaiy suvccuintered., Lijuid water, since it is inocmpressidle,
reduces the adiadbatio heating wnich tskes place about the thermomsnters and
tleir housing. Mo means are available to ocmpensate for the effeot of tne
wvater, and {t appears that the application of a full sdiabatic corrzction in
8.3h c¢eses res resulted in temperatures whiob are too low, psriaps by as muoh
e 1°tc 2°C, Liquid water oolder thaa the air and the effect of evaporatior
may aisc have contridutied to lower dry-buld readings. Errors made at the
fiight level haw no effect on the temperatures measurei by the dropsonde,
since all chesking and sdjustment of the dropsorde instrument is made on the
ground prioer to tha flighe.

The sirvraft tempersture-moasuremsuts =ade in the eye appear to be consistent
with the dropsoude tespereature-measuremsarnts,

The airoraft dew-pcin%s in the eye appear to be too Ligh in muny cases.
Dry ais waa rarely reported st the flight level, 8aturation was often reported,
even though the first dragzonde level telow the airoraft showed a dew-point
spread in exocess cf 5°C, Conversely, the aircraft dew-points in the storm
olrsulatiam appear low in viaw of the cbserved lapse-rate, whish epproximsted
tae moist adiiceatic ir most cese8.

The drcpscnde moisture-measuremsnt iz &lsc open to some doubt, 1In
particular. there were eve scurdings which reported esturation at 2ll levele
wher the lepge rate was =ore stable thar the mdoist adiabatis,

Mean soundings for taec :ye and storm oireu .tion

All avaiiable soundinzs hawe beex usad iu ocomputing mean soundisngs fo:
the eye {fig, !) and the storm (fig, 2). The individual soundings were plotted,
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pressurs-height curves were dramwn, and the temperature and dew point tabuleted
end averezed st 2,5-km intervais {rom the surface upwerd. It has been necessary
to use height rather then pressure as tne vertical coordinate, &ince the surface
pressure varied over such s large range. For exampls, the 8550-mb height earied
Trom 180G %o 4600 f% in the ayes of the various storms. Moist ediabats oan

be entersd ou temperature-height diagrams cnly for partizular values of

pressure snd temperature. The mnist sdiebats entersd or figse 1 and 2 have

been computed with use of the msan surfuce pressures and tsmperatures of the

oye and storm~circulstion soundings as beginning pcints,

The lapse rate ir the eye is apnreciabiy aore stable unan the molst
adiabatic above the Q. E-km level {figs, 1), while in the storm the lapse
rate is slightly greator than the moist adisbatic (fige 2). If the moist
adiadbat shown in fig. 2 Sould have beexn computed beginning at the mean
height of the cloud bases, the storm airculation sounding would have shown less
departure from moist-sdisbetic conditionsz,.

The mesn sounding for the eys eaxd the storm cirzulation and the mean
hurrfcane-scunding computed by Sshacht (1946) are sompared in fig. 3. The
greater stabllity and the warmsr temperatures iu the eys, in ocompsrizon with
those of the storm circulation, are quite evident. The perallelism betwsen
the meen storm scunding and Schacht’s mean sounding is quite merked.
Apparently the warmer temperatures over the Pacific at all levels reault from
the fact that mean ocean=tamperatures are wearmer in the Pacific than in the
Caribbeane.

The tabulations of the mear storm-sirculetion axd eye temperatures, and
their range and mear deviation et O,.5-km intervals, are shown in teble 1.

Tab.e l. Mean, rsxge and meen devietion of temperature &t C.b-kx hsight
intervais in the typhoon eye
and storm virculetion.

. Mean

Elevation Temperature Rauge Jeviation
Eye
Surface €h.7C 3 24-29C 1.0C
045 lom 23.9 22-28 0.8
} .0 3.4 18"29 107
1.6 21,1 18-28 1.9
2.0 19,8 16=28 2.1
2.5 18.3 14“25 2.1
3torm circulatior

Surfecs 28,.7C 24~-28C 1400
2.5 o 24,0 2326 Do8
1.0 2le3 2022 o7
1.0 i%0 18-2) D.8
2.0 18.6 15-19 0e8
o8 13.8 12-i6 1.0
2.0 18,7 TI-13 ie
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The gmaller range and zasn Qeviation ebove 1 km in the storm circulation, in
eomparison with the sye, indicate a greater hcmogeneity of the air cutside the
oye. It iz also noteworthy that the surface-%emperature range and mean
deviation are the same in the sterm sirculetion and in the oye.

Mean moisture

The dew=-point curves of figs. 1 mud 2 ars very difficult to interpret.
First, the dewpoints in the eye not only appsar high in rslation to the
stable lapse-rate, but sre even higher at most levesls than those of the
storm oirsulation. Seoondly, the mean storm-oirsculation dew~points depart
appreciably from aaturation, despite & nearly moist-adisbatic lapse rate.

The individual soundings taken in the oye were for the most part eithker
very dry or mnearly saturated, with very few of the dew-point curves bearing
any resemblance to the mean curve. These eye soundings may be szocounted for
by the faet that soaticred Yo broken stratosumulue or ouzulus, with tops to
€020-8000 £%, were usually reported in tha syes The difference hetween the
=0l¢t and dry scundings may have been largely determined by whether the dropsoxnde
dessended in & cloud or in the clear spaces betwsen clouds. On individual
soundings, the varistions of lanse rate and dew pecint were, in general, in
the right semss, with the lowest dew-polnts shown in the moat stable soundings
and the highest dew-psints wheu the lapse rate approached the moist adiabatic.
The scosptance of the high dew~points in the eye, in the mean, regquires au
sye structure at low ‘leveis quite differsnt from that o.dinsrily sssumed.
Hewesver, on the basir of cloudinees in the oye . discussed below, it eppears
thet isterel mixing soross the eyer boundary is ordinarily eotize and that
s well-defined eye boundary 1: seldom found, Even in the presense of lateral
uixing, }.mﬁ.ng of the dew point in the oye should be observed, partioculerly
8% uppsr lsvels. TIhiz é&ff‘aua.izy sen b9 resolved by rejesting the storm-
sireulation dew-points shown by fig. 2 and by assuming saturation in the
storm, go that the dew points wouid be given closely bty the temperature
curveo The storm-circulation dew-poinis are rejected in favor of the eye
dew=points beosuze six of the ten =zsundings iz the storm eirculation were
nade by ziroraft azd becaugs oI shelr large depariturs from saturatim.

Bye soundirng of 15 August

There was ourly one eye dropsonde-cbservaticn availeble whioh ertended
muon above the 700-mdb levels The observaticn was made at 0200 GCT 16 August,
in the eye of s typhoorn located 2t approximetely 20°N, 135°E. This sound-
fng (fige 4), taken sbout the time the storm reached its lowesi reporied
yressure of 500 mp?, shows & remarkably warm vemperati:re cf 1£°C at the 500-
ab levale The surface temperature, ihe lowelevel lzprs rate snd aoisture,
and the correletion betwoen dew~roint spresd and lepae rate all appear quite
rsasonable. The eye was reportaed to have beep filled with atratooumulus
with tops t¢ 6000 ft, and clear avoves This is one of the fow ocases during
195% in whish middle and high clcuds were rsported te havs bssn completely

1 there is no « priorl reascn for questioning the accuracy of this
séntral pressure, OCther dropsondes, taken August 14, 15 anéd 1S, reported
aurface pressurag of 922, 908 end 923 ab, respectively.



absent from the eye.

Starting with this warm temperature and low height at 500 mb, one might
ask if the etructurs of the upper tropospnere couid be consistent with thre
£ollowing conditions: {a) that 2 nearly dry-ediabatic lapse rete exists
for some distance above the 500-mb level, 50 tuat the 500-mb temperature sould
be accounted for by dry-adisbetic descent; ard (b) that the cycionio
niraulation of the typhoon disappsars ir the upper tropcspherse &s, in generel,
all available evidence indicatos. A calcoulsiisz wish vse of upper-eir data
taken on 14 and 15 August at Guam, located about 1C00 im southeast of the
storm center, was ocarried out by assuming the 100-mb height over the storm
center to be the same as that at Guem. Vsing the Guam iCU-mb hsight of
£4,500 ft and the messured 500-mb height of 16,800 f* in the eye, ona f{inds
the resulting iapse=-rate to have been fairly close to ihe dry sdiabeatic,
absut 89¢ per 1000 m; the 500-100-mb mesn temperaturs was abdut =31°C; and
the 100-mb tempersture was in the vioinity of =75°C. The 5C0-mb tezperature
ahown by fig. 4 would have required dry-adiabatic dessent from about the
200-mb level. B8ince this computation has given reesonsble values, nc reascen
is seen for discrediting the 500-mb eye temperaturs of 16%C.

Visuel aspects of the typhoon sve

The {liight we¢athsr-reports made from the eye snd the post-flight
sunaries usually give a verbal 2csount of weather conditions encountered
in the eye. These reports usually give the size end shape of ths eye,?
the amount end typa of cloudiness, and occasionally sdditioral information
such a3 the state of the sea; turbulence, etc, These reports are not
partiocularly anenable to statistvioal evaluatiom,; gince the same items are
not elwsys roportsd and since the inelination is always toward reporting
tha unmusuel phenoments However. sstimates of the site of the eys and
dezoriptionz cof cloudinsss were made with sufficlent regularity that these
dats sre summerized ir the foliowing paragraphse.

The clouc observations taksn during 20 typhoon-iays have been
sumnariged. Two or more observaticns were made ou some of the days.
Ko observations msde during these 20 days showed the eys clear of
¢louds at the lower levels. Cumulus or stratocumuius, with tops to
6000-8000 ft, were usually reported. Tre eye was repcrted completely
clear above the flight levsl cu only four out of the Z0 deyse An
upper overcas! was reported or 13 days; sizht of the ¢vercasis were of
middle, and five were of high zlorde. The middla=ploud overcasts
were usually thir sltogtratus at heighte of 10,000-14,000 fte The
eys tcundary was rarely rsportesd as a well-delineated well of zloud,
The ragged and ill-defined sye bLoundariss which were oilsan reported
are taken a&s avidence for mixing ssross the sye houndary,

The reporisi cize of ile aye dismeter, shown ty 46 iundividuai
reports, VArisc .:om 7 vo 75 mi. The frequency distribution of the

2

Througnout this geiticn, the sye is aszwrad to be that indicated
by the clouds. It has been pointed cut by Mr. Rcbert C. Gentry: U, S.
Weuther Buresu, that often tie cloud sye iz not coincident with the
=ind eyo.



¢ys diameters is shown in the fallowing tabulations
Eiles Cases

Lezs than I8
16-19

20--24

2629

3034

36-39

40-44

4€ and over

DO IO

These date are somewhet biased, since thara ware more reports on some
days and during some typhoons than others, There were five reports whioch
stated that the eys wos msrkedly non-circular. In all these cases, the
mAjor axis was at lezst 40 ni,

It i2 undoubtedly difficult to delineate the extent of the eye and
to estisste the eye diexeter acourately.® Furthermore, the eye is ocoziinually
undergoisg chsuges in sheps and size. Reports made a few hours apart often
showsd waristions of the eys dismeter of 10~20 mi, particularly when the
eye wis large. No oonsistent pattern in the eye size as & function of
the 1ife cyocle 22 the storm could be detected. For example, one typhoon,
12-17 #=gust, maintained & fairly constant eye-dismeter of 350=-50 mij
anschwr, 27=31 July, showed a progressive inoreese from 10 to 50 mij and
mother, 27-29 October, showed a decreess from 30 to 10 mi., A scatter
diegram of oentral pressure versus eye diamster (fig. 5) indicates that
no good ocorreletion sxists between these paremetersz. However, some
slight tendsnoy is shown for the larger eye-~diameters to be asscciated
with the lowest centrel pressurss, This is in agresmeut with the con-
clusione of Dunn (1961) irc regerd %o hurricanes,

ggnoluaionp

The data presented sbove are in ar=assmant with the typhoon zodsl
advanced by Rishl (1951), the most complate one yet presented. However,
the value of these reccunaissance data in testing this model has been
greatly limited by the fect that, for the most part, they extand only
te the 70U-wmb lsvel, The moist-adisbatic lapse rete in the stomrm
cirsulation, rezulting from the sdiabutic azrsnt of the air, and the
stable lapse~rats in the eye, resulting from sulcidemce, both required
by the mcdel .of Riehl, are substantiated (figs. 1 anéd 2). This model
whioh deals with the larger-scale features, sould not ve expected to
asaount for swme of the smaller-ccale festures of the typhoon eys
shown by this study.

The dascending motims in ths eye apparently does not cextead to the
surface, but often as low as ! km. This conclusion is suggested by the
heigh' of the staktle layer of individual soundinge, and %y the increase
of the range and mean deviation of the temperature and poteniial temperature

b

It could not be determined from the reporte to what extent eiroralt
radur wox 2sed in carriving at tre eve diemaver.
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between 0.5 acd 1.0 m (tvables 1 and 2). Inspection of soundings shcwed that
Table 2. M¥san, renge end msan deviation of paotszatial
e

tempersture at 0.5-km intarvels in th
tyvhoon eye.

Poiential T Msan
Elevation temperature Range deviatiecn
Surface 302.7K 12¢ 2.6C
0e5 Im 3087 13 2.7
1.0 30942 14 3.5
1,6 312.8 18 Se6
2,0 31648 20 3e€
2.6 319,46 20 3.8

the base of tha stable eye-layer waz generelly lower in the deeper storms,
Ttis oorrslation betwees the reight of the bese of the stable eye-leyer

snd the central pressiure of the storm is shown Uy figs 6. In the preparation
of this figure, hoighte of the stable layer have boen averaged for Z0-mb
1atervals of the oentral pressure, i.e., & meean height was determinaed

for a1l storms wiih centrel pressures between 900 and 919 mb, 9%20 and

939 mb, etc,

Ho cases cf merked aurfase vemperavureé=-rige, sucn 85 those prezsnted
by Deppermenn and Ternehill, were notede ILowsver, these surface temperature-
rises, all of which occurrsd over land, presumably could have resulted
from the extension of the descending motion to the surfacs. Conditions
favorable for the breakdewa cf the shielding layer, which separmtes the
descending air from the surface, would inociuds insclstionsl hesting over
land and down-slope motior duve %o crography. The importsmce of these
fastors in sxplalning the obsarved high temperatures has been stressed
by Deppermann (1937).

Przaumably, the vertical motion in the cloud areas of the eye is
upward, but alternates with descending motioz in the clear arems between
alouds, This pattern s{ vartical mixing would imply large variatcions
in the tempsrature and potentiel temperature, associated with changes
in sign of thes vertical motior. The range and msan disviation of the
tempe-ature and potential temperaturs in the 1.0- to 2,5-km regicr were
found te be quits large (tables 1 and 2).

The ssundings eud the visual data suggest the following pattern of
vertical motion for the eye: (a) subsidence in the upper raezions,
extending through a large poriion of the troposphere &=d down to perhaps
$06-700 mb, (b) & zone often sxter?ing nearly o the surfsce from thie
upper level in which wertizal and lateral mixing tekea place berwsen
¢he dry subsiding air szd the molsy air brought upward exd inmward from
tne storm, and (¢) & shaliow moisy subwcloud leyer rear the surface
whors the vertioal mixing is suppresssds The Fast Lhat the surfscve air
in tha eys and the ztorm cirsuistion ia so homogeneout suggests that &
net inflow of alr probably takes plsce across the ey2 boundary nesr ihe
surface, and thet the net vertical motion in the sub=clioud layer is upwsrde
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In this scheme, the outward mixing aoroat the eye boundsry, rsquired from
sontinulty oonsicerations, would take place principully in the mixing layer.

Iv is difficult to estimate the nagnitudo of the latersal mnixing required
for the transfer of adequate mcisture into the eye. If this mixing transfers
only a negligible amount of anzular momertum into the eyve. much that it ocan
be dissipated by weak pressure snd ’rzctional forcaz, the suggesated oiroulatiso
echems uppears %o be phyiealliy realistisc. If, on the other hand, it can be
ehown thet in accomplishing the moisture tranafer into the eye an appreciable
amount of angular momentum is added to the air inside tho eye, this circulation
scheme would appear doubtful. Since this question cannot be answered eithsr
way, it might be asked whether cther mechanizms which avoid lateral mixing
across ths eye boundary could be advanced to account Ior the large amount of
the moisture in the eye.

At least two alternative hypothesss which avoid lateral mixing could be
proposed, but neither of thess appesr asceptable., Firast, it could be postulated
that the cioudiness cen be ' <plained by introducing a shallow slope to the
eyes boundary, such that the surfase eye is very small ir comparizon with
the sye observed et ths fiight level, Ir fact, it might be postulated that
the eye need not extend te ths zurface at all timaes. Ths clouds could be
placed below the eye boundary in the szterm circulation. However, there is
no evidence® that the eye zize reportsd by ships and land stations is
markedly leas them that reported by the reconnaissarce siroraft. In a few
sases, the airoraflt descended through Lhe low clouds in the eye for soundingse.
Thess reports make no meation of nerrowing of the sye or marked chsnges in
the ‘vind below the clouds. Secondiy, s steady state condition for the eye
could be postulated, in whish the same air ramains in th< eye and the oclouds
sare meintained in quasi-equilibrium in the layer below the stakle region
by the continuel slow transpart of water vepor upward from the csean by
turbulencs and diffusiore This modsl would require that the air in the
sub-cloud leyer of the eye have a resultant velocity equal to that of the
storme The literature gives no evidenos that the wind velocity in the sys
shows wny persistent direotica. Furtharmors, it is difficult to accept
the eve in such & simple state, in view of the high wind-spesds and ztrong
turbulence about the eye and the highly agitated state of the soa.

Thess hypothssesz ars rejected, esnd the model advansed for the eye. based
priacipally upon therac-dynamis considerationsz, cen &csount {or the eye moist-
ture by lateral mixizge In such a model, the problem c¢f the momentum transfsr
ints the eye remaine an oper questicone This acheme differa from thoss previ-

ously advanced principelly iun the degree of exchange bstween the sye &nd
storm cirsulstion, mand the variable extent cf the descending motion in thse
€Y@
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Fig. 1. Gurves of mean temperature Fig. 2. Same as fig. 1, for storm
T and dew polel T,y vs. height for eye circulatisn of typhoon,
of typhoon, Vg and ¥y are dry- and
meist-adiabatic lapse rates, respsctively.
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